The placenta constitutes a physical and immunological barrier against invading infectious agents and has been suggested to be a pregnancy-specific component of the innate immune system. The aim of this study was to investigate the presence and regulation of Tolllike receptors-2 and -4 (TLR2 and TLR4) in the human placenta, because these receptors are believed to be important for immune responses against pathogens. Twenty-eight placentas from normal term pregnancies were analysed with immunohistochemistry, which showed a strong immunoreactivity for TLR2 and TLR4 in the villous and the intermediate trophoblasts. The regulation of TLR2 and TLR4 by microbial stimulus was assessed by incubating explants of term chorionic villi with zymosan or lipopolysaccharide (LPS) and analysed with real-time reverse transcriptase-polymerase chain reaction. Stimulation with zymosan and LPS readily induced interleukin (IL)-6 and IL-8 cytokine production in the placenta cultures, whereas TLR2 and TLR4 mRNA and protein expression remained at the same high level as in unstimulated explants. These data suggests a novel mechanism for the fetoplacental unit to interact with micro-organisms.
INTRODUCTION
Although the placenta constitutes a physical barrier for invading infectious agents, infections still occur by this route and therefore additional mechanisms to protect the fetus are necessary. Recent findings suggest that the placenta, and in particular the trophoblast, plays an important role in the innate immune system. Defensin transcripts have been detected in placenta, 1 which indicate that it has the capacity to battle an infection. Further, it was recently demonstrated that the trophoblasts are involved in the immune response against placental infection with Listeria monocytogenes. Toll-like receptors (TLR) have been shown to be important to the innate immune response. 3 Toll was first discovered in Drosophila (dToll) where it has a function in development of dorsoventral polarity. Drosophila lacks an adaptive immune response but is resistant to fungal infection through the action of Toll. Upon infection, the Toll ligand Spä tzle is processed into a biologically active form, and by binding to Toll induces a signalling cascade, resulting in the production of the antimicrobial peptide Drosomycin. 4, 5 All TLRs belong to the interleukin-1 receptor (IL-1R)/TLR super family, which has a conserved region in the cytosolic domain called a Toll/IL-1R (TIR) domain. 6 Today more than 10 members of the TLR family can be found in the human and mouse databases 3 and these (TLR 1-10) have been characterized. [6] [7] [8] [9] [10] Janeway and colleagues discovered the first human homologue to dToll, which they termed TLR4. 11 Through the study of mutant mice that are hyporesponsive or non-responsive to lipopolysaccharide (LPS), TLR4 has been shown to function primarily in the recognition of Gram-negative bacteria.
TLR4 mutations have also been associated to endotoxin hyporesponsiveness in humans.
14 TLR2, on the other hand, is believed to be involved in the recognition of a wide variety of infectious pathogens and their products. These include yeast cell walls, 15, 16 mycobacteria,  17 whole  Gram-positive bacteria,  18 lipoproteins,  19,20 glycolipids   21 and peptidoglycan. 22 So far, studies of TLRs have mainly been performed in animal models and cell cultures. The distribution and function of TLR2 and TLR4 in human placenta during pregnancy and their importance for the fetus is unknown. In this study in human placenta we investigate the cellular distribution and expression of TLR2 and TLR4, two receptors that might have crucial functions in the battle against fetoplacental infection.
MATERIALS AND METHODS

Placentas
Placentas from 28 normal term pregnancies (13 vaginal deliveries and 15 elective caesarean sections) were collected from the delivery unit of Karolinska Hospital and Sö der's Hospital in Stockholm, Sweden. The mothers were 24 -44 years old (median 31 . 5 years) and with one to four children. The weight of the placentas ranged from 468 g to 1030 g (median of 669 . 5 g), and the babies (19 girls, 9 boys) weighed 2750 -4920 g (median 3650 g). The placentas were collected immediately after delivery and kept refrigerated at 4u until studied. For tissue culture experiments, fresh placental tissue explants were cut from five of the placentas from elective caesarean sections. The study was approved by the Ethics Committees at Karolinska Hospital and Sö der's Hospital in Stockholm, Sweden. The mothers gave their informed consent to the study.
Processing and immunohistochemical staining of placental slices Three placental slices were taken in a circular fashion around the umbilical cord insertion. The slices spanned from the fetal membranes to the decidua. The slices were washed thoroughly in sterile NaCl. From all placentas two slices were frozen on dry ice and stored at x70u, and from 15 of the placentas one slice was additionally formalin fixed and paraffin embedded. After having screened available antibodies against TLR2 and TLR4 it was found that the rabbit anti-human TLR2 (anti-hTLR2) antisera raised against a 16-amino acid residue (YDLSTLYSLTERVKRC) in the variable extra cellular domain of the mature hTLR2, custom made at Innovagen (dilution 1/300, Lund, Sweden) worked on cryosections, while goat anti-human TLR4 (antihTLR4) (dilution 1/20, concentration 10 mg/ml, Santa Cruz Biotechnology Inc., Santa Cruz, CA) did so on the formalin fixed, paraffin embedded sections. The cryosections (7 mm thick) were put on glass slides and fixed in acetone. From the formalin fixed, paraffin embedded placentas 4 mm sections were deparaffinized in xylol for 30 min, followed by rehydration in ethanol. Antigen retrieval on these sections was performed by microwave irradiation for 3r4 min in sodium citrate (10 mM, pH 6 . 0) and the sections were allowed to cool for 20 min. The ABC-ELITE (Vector Laboratories Inc., Burlingame, CA) immunohistochemical staining was then performed as previously described. 23 The primary antibodies were absorbed against 25% human serum for 2 hr before being added to the specimen. As secondary antibodies, biotin-labelled goat anti-rabbit (dilution 1/200, Vector Laboratories Inc.) and horse antigoat (dilution 1/400, Vector Laboratories Inc.) were used for anti-TLR2 and anti-TLR4 staining, respectively. The stainings were developed by incubating the sections with three-amino-9-ethylcarbazole (AEC) as substrate. Staining without the primary antibody and staining with the primary antibodies preincubated with blocking peptides specific for the anti-TLR2 (Innovagen) and anti-TLR4 (Santa Cruz Biotechnology Inc.) antibodies were used as negative controls. No homology to other TLRs or other proteins could be seen when performing a National Center for Biotechnology Information (NCBI) nonredundant GenBank search [Chemical Database Service (CDS) translations, the Protein Data Bank (PDB), SwissProt, Protein Information Resource (PIR), Protein Research Foundation (PRF)] with the epitope specific for the anti-TLR2 antibody.
Evaluation of the immunohistochemical stainings
The sections were 2-3 cm long and represented the whole placental thickness from amnion to the decidua. Haematoxylin and eosin stainings of the cryosections revealed good morphology. A minimum of one section per placenta slice was stained for each antibody.
Explant processing and stimulation
Pieces of chorionic villi were taken from fresh placental tissue from five of the elective caesarean sections. The tissue was thoroughly washed in sterile phosphate-buffered saline (PBS) to remove blood and cut into centimetre-sized pieces with scissors. Slices spanning through the whole placental tissue were also snap frozen as described above for immunohistochemical stainings. The explants were incubated two by two in a 12-well plate (Costar, Cambridge, UK) with 2 ml RPMI-1640 (Life Technologies, Tä by, Sweden) supplemented with gentamicine (25 mg/ml), penicillin (100 IU/ml), streptomycin (100 mg/ml), L-glutamine (2 mM) (Merck, Darmstadt, Germany), and 10% heat inactivated fetal calf serum (FCS; Hyclone Laboratories Inc., Logan, UT). Different concentrations of LPS (Escherichia coli K-12, W3110), 24 or zymosan (SigmaAldrich, Stockholm, Sweden) were added to the medium. The stimulation was carried out for 2, 4 and 6 hr at 37u in 6% CO 2 atmosphere. As controls, explants were incubated as described above in medium without any stimulation. After culture the explants were washed in sterile PBS, frozen on dry ice and stored at x70u until used for immunohistochemistry and RNA preparation.
IL-6 and IL-8 determination IL-6 and IL-8 levels were determined in explant culture supernatants using the sandwich enzyme-linked immunoassay technique (ELISA) according to the manufacturer's instructions (Quantikine 1 human IL-6/IL-8; R & D Systems, Abingdon, Oxon, UK). All supernatants were centrifuged to remove particulate matter and kept frozen at x20u until analysis. All samples were added in duplicate. The optical density was determined using a microplate reader (SLT-Labinstruments, Salzburg, Austria) set at 450 nm. The detection limit was 3 pg/ml and 31 pg/ml for IL-6 and IL-8, respectively.
RNA preparation and real time reverse transcriptase-polymerase chain reaction (RT-PCR) Total RNA was isolated with RNeasy Protect Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions, or with an Ultraspec II RNA isolation system (Biotecx, Houston TX), as previously described. 25 cDNA was prepared and mRNA levels was quantified using the Roche LightCycler Instrument (Roche, Diagnostics Scand AB, Bromma, Sweden). For each PCR reaction 2 ml each of the standard cDNA (1 : 1, 1 : 10, 1 : 100, 1 : 1000) and the unknown samples diluted to 1 : 10 (to put the cross-point value approximately in the middle of the corresponding standard curve), were mixed with 2 ml of nucleotide triphosphates (NTPs), Hot-start Taq polymerase, reaction buffer and SYBR Green I dye (LightCycler DNA Master SYBR Green I kit) and placed into individual LightCycler glass capillaries. The reactions were supplemented with 3 mM Mg 2+ and 0 . 5 ml of each gene specific primer (sense and antisense). Primer-pairs for the human b-actin housekeeping gene were purchased from Clontech (Palo Alto, CA) and gene-specific primers for TLR2 (GenBank no: XM_003304) and TLR4 (Gene bank no: NM_003266) (sequences: (TLR2) 5k-GCC TCT CCA AGG AAG AAT CC-3k, 5k-TCC TGT TGT TGG ACA GGT CA-3k (TLR4) 5k-AAG CCG AAA GGT GAT TGT TG-3k, 5k-CTG AGC AGG GTC TTC TCC AC-3k) were custom made at DNA Technology AIS (Aarhus, Denmark). Forty-five cycles of PCR reaction (5-s denaturation at 95u; 10-s annealing at 60u; and extension at 72u) was run until the cross-point was attained for the highest cDNA dilution sample. Melting curve analyses were performed after the completion of cycling to control for the specificity of the PCR products obtained. To ensure that equal amounts of total RNA were loaded in each cDNA synthesis reaction, the TLRprimer-generated fluorescence data were normalized to the fluorescence values generated by human b-actin primers from the same total RNA sample. Aliquots of the reaction product were run on 2% agarose gel containing ethidium bromide to establish the PCR product size and thereby control for the specificity of amplification.
RESULTS
Expression of TLR2 and TLR4 in the human placenta TLR2 (Fig. 1a) and TLR4 (Fig. 1b) were found to be highly and continuously expressed on trophoblasts covering the peripheral chorionic villi, while no immunoreactive cells were present in the villous core. Intermediate trophoblasts in free cell islands, the cell columns and the decidua were found to express both TLR2 (Fig. 1c) and TLR4 (Fig. 1d) . The intermediate trophoblast was identified by their characteristic morphology, staining pattern with haematoxylin and eosin and immunoreactivity for human placental lactogen 26 (data not shown). The trophoblasts covering the peripheral chorionic villi had a characteristic homogenous cytoplasmic staining and there was no striking difference in the amount and distribution of TLR2 + and TLR4 + cells between the placentas investigated. The staining was extinct when the anti-TLR2 and anti-TLR4 antibodies had been preincubated with blocking peptides specific for anti-TLR2 (Fig. 1e ) and anti-TLR4 (Fig. 1f ) , respectively.
TLR2 and TLR4 expression after zymosan and LPS stimulation
TLR2 and TLR4 expression have been shown to be regulated by stimuli of microbial origin. 12,13,15-22 Therefore we stimulated fresh placental explants with different concentrations of zymosan and LPS or incubated them with medium alone for 2, 4 and 6 hr. This treatment induced release of IL-6 after 4 hr of stimulation with LPS and zymosan ( Fig. 2a) and of IL-8 already after 2 hr of stimulation with LPS and after 4 hr with zymosan (Fig. 2b) as measured in culture supernatants with ELISA.
Neither stimulation with zymosan, nor with LPS, however, led to a difference in TLR2 or TLR4 mRNA expression compared to unstimulated controls. In Fig. 3(a,b) the mRNA expression of TLR2 and TLR4 after stimulation with 10 ng of LPS and 3 mg of zymosan is shown. Higher concentrations of LPS (100 ng/ml, 1 mg/ml) and zymosan (30 mg/ml, and 300 mg/ml) did not alter the levels of TLR2 and TLR4 mRNA expression (data not shown). Real time RT-PCR reaction products were run on 2% agarose gel to establish the PCR product size, and thereby control for specificity of amplification. All amplicons had the expected size (Fig. 3e) . The immunohistochemical staining on cryostat sections of parallel placental explants from five placentas incubated with LPS, zymosan or medium alone showed no difference on the protein level for TLR2 between stimulated and unstimulated placental explants compared to uncultured placental slices from the same placenta (data not shown).
DISCUSSION
TLR protein expression has been described in tissues like intestinal epithelium 27 and in human bladder urothelium 24 indicating that mucosal linings have the capacity to respond to micro-organisms. mRNA for TLR1-TLR10 has been reported to be present in the human placenta 6, 7, 28 and the ontogeny of TLR2 and TLR4 mRNA in murine placenta as well as in fetal murine lung and liver has been studied. 29 At present there are no reports on the cellular distribution of TLR2 and TLR4 in the human placenta. Our study showed a strong immunoreactivity for TLR2 and TLR4 in term placentas in the trophoblast covering the peripheral chorionic villi, which constitutes the frontal barrier between the mother and the fetus. Notably, in a study in mice infected with the Gram-positive bacterium L. monocytogenes, the observation that the trophoblasts produce factors that primarily recruit maternal neutrophils to the site of infection is indicative of the trophoblast as a pregnancy-specific component of the innate immune system. 2 Thus, the trophoblasts seem to have an important function in organizing the maternal immune response against bacterial infections. Our observations on TLR2 and TLR4 expression by the trophoblasts support these assumptions.
A co-operation between TLR2 and TLR4 has been proposed, where costimulation of the receptors is needed for a reliable signalling. A synergy has also been observed between LPS, the ligand for TLR4 and a ligand for TLR2, muramyl dipeptide, in the release of tumour necrosis factor from murine RAW 264 . 7 macrophage cells (American Type Culture Collection) cells. 30 Several earlier studies have also shown that injection of muramyl peptides into mice modified their responses to endotoxin. [31] [32] [33] [34] [35] The coexpression of TLR2 and TLR4 on both villous trophoblasts and intermediate trophoblasts could therefore be a safety mechanism, preventing inappropriate, potentially fatal reactions from these cells.
Using real-time RT-PCR we found that mRNA levels for TLR2 and TLR4 in chorionic villi explants were high but unchanged after exposure in vitro to either LPS or zymosan. To ensure that placental explants had retained their capacity to react to stimulation with zymosan and LPS we measured the release of the pro-inflammatory cytokine IL-6 and the chemokine IL-8 in the culture supernatants. Both IL-6 and IL-8 can be produced by human trophoblasts after stimulation with LPS. 36 LPS and zymosan did induce IL-6 and IL-8 release by placental explants (Fig. 2) , indicating that they responded to the stimuli. It is possible that the expression of TLR2 and TLR4 are normally up-regulated in utero as a defence mechanism that can readily be mobilized to protect the fetus from infections during the pregnancy and labour period. This could also explain why we do not see further up-regulation of these receptors following stimulation with LPS or zymosan.
In the Drosophila embryo a small number of genes are involved in the dorsoventral polarization 37 and the signalling pathway centres on Toll. 38, 39 The high homology between Drosophila Toll and human TLRs might indicate a possible developmental role for these receptors in the mammalian placenta as in the Drosophila embryo. To further elucidate the importance of TLR2 and TLR4 in placenta, in vivo experiments using animal models are required.
In summary, a strong immunoreactivity for TLR2 and TLR4 was found in the villous and the intermediate trophoblasts in human term placenta. The protein and mRNA expression for TLR2 and TLR4 were unaltered after zymosan and LPS stimulation of placental explants, although these stimuli readily induced IL-6 and IL-8 production. We believe that the TLRs could be important immune regulators of placental infection, but they may also be needed for maturation of fetal and neonatal immune responses. Recently, the importance of TLRs in the activation of antigen-specific T helper type 1 (Th1) but not Th2 immune responses, as well as that a lack of TLR signalling leads to increased immunoglobulin E responses, have been reported. 40 This makes further studies on expression and regulation of TLRs in atopic and nonatopic individuals particularly interesting.
